INTERACTIONS IN SMALL SYSTEMS OF COUPLED JOSEPHSON JUNCTIONS
AT MICROWAVE FREQUENCIES (*) T Grâce au développement des dispositifs à couche mince, dans lequel les jonctions tunnels font partie d'une ligne microstrip, on a pu observer directement (avec un seul dispositif) le rayonnement émis à la fois à la fréquence fondamentale et aux premiers harmoniques. A basse température, on montre que les pertes de la cavité sont dues essentiellement à la ligne de transmission.
Abstract. 2014 A major factor in the practical utilization of any Josephson device for microwave and higher frequency applications (such as the generation and detection of electromagnetic radiation) is the success with which the junction device can be coupled to an external transmission line. As part of an experimental investigation of the electrodynamics of small arrays of Josephson tunnel junctions, the properties of the coherent radiation emitted both by individual junctions and by coupled junction systems have been studied at frequencies between 2 and 12 GHz. Near 9 GHz, more than 10-9 W of coherent radiation has been detected from a single Pb-Pb oxide-Pb junction coupled via waveguide. The development of thin film devices in which the tunnel junctions form part of a microstrip line have made it feasible to observe directly (in a single device) the radiation emitted both at the fundamental geometrical frequency and at the low order harmonics. The observed temperature dependence of the junction cavity Q indicate the low temperature losses are primarily due to cavity loading of the external transmission line.
COUPLED JUNCTIONS AND PARAMETRIC AMPLlFlCATlON. 1 . Introduction. - The possibility of using thinfilm Josephson tunnel junctions as generators and detectors of electromagnetic radiation at microwave and submillimetre frequencies has been recognized for some time [1] . However, the poor impedance matching generally attained between the junction and the external transmission line to which it is coupled (usually a waveguide structure) has limited the practicality of these applications. Recently, motivated in part by the work of Clark [2] and Tilley [3] [5] For Zj « Ze, T = 4 ZJ/Zc When Ze is the impedance of free space (-377 Q), T is about 10-4.
The quality factor Q of the junction cavity will include contributions from the following sources ; (1) the surface impedance of the superconducting films, (2) dielec ric losses in the barrier region, and (3) radiation losses so that the resultant junction Q will be These loss , terms are respectively ; Qs = col/,, Qd = colcg where g is the shunt conductance of the junction dielectric barrier, and Qr N 1/T. 6s can be calculated using the results of Mattis and Bardeen [6] for the surface impedance RS. The dielectric loss factors in thin oxides (e. g. those of lead, tin, and niobium) at low temperatures are not known, however, Qd is expected to be independent of temperature in the region of interest. The radiation losses will significantly contribute to the total Q at low temperatures where the temperature-dependent surface impedance losses are negligible.
Experiments involving photon-assisted tunneling [7] , [8] , microwave-induced Josephson steps [9] , and various self-induced step phenomena [10] , [11] [12] , [13] . However, it has never been established experimentally that this assumption is valid for physically realizable systems.
The Josephson junction oscillator is treated here phenomenologically. The step structure and associated radiation emission result from the non-linear interaction between the Josephson supercurrent and the electromagnetic fields excited in the junction cavity. Inasmuch as the junctions are non-linear oscillators, the occurrence of frequency-pulling and locking phenomena when two or more such oscillators are coupled to one another is not surprising. The most dramatic characteristic of the locking-phenomena in pairs of coupled junctions is the existence of two stable lockedconfigurations [4] . In the first, the radiation from the two junctions is observed to add coherently in-phase while in the second, the radiation is observed to add exactly out-of-phase (i. e. with a phase shift of 03C0).
The aim of the present work (which is still in progress) has been directed toward better characterizing the coupled junction interactions by investigating various device geometries, the junction cavity parameters, and the harmonic content of the emitted radiation. 2. Additional experiments have also been performed on four-junction devices of the type used in the initial coupled junction work [4] . The In figure 5 , the detected radiation spectrum of the same junction is shown for the n = 2 zero-field step at 4.3 K. Near vR, a maximum power of 1 An expression of the form Q-' = Q;l(T) + Q-10 has been used to fit the data. (For the surface impedance calculations [14] 
